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ABSTRACT. The aim of the present research is to check the accuracy of the Modified Wöhler Curve Method 
(MWCM) in estimating the fatigue strength of friction stir (FS) welded tubular joints of Al 6082-T6 subjected to 
in-phase and out-of-phase multiaxial fatigue loading. The welded samples being investigated were manufactured 
by equipping an MTS I-STIR process development system with a retracting tool that was specifically designed 
and optimised for this purpose. These specimens were tested under proportional and non-proportional tension 
and torsion, the effect of non-zero mean stresses being also investigated. The validation exercise carried out by 
using the generated experimental results allowed us to prove that the MWCM (applied in terms of nominal 
stresses) is highly accurate in predicting the fatigue strength of the tested FS welded joints, its usage resulting in 
estimates falling with the uniaxial and torsional calibration scatter bands. 
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INTRODUCTION 
 
riction stir (FS) welding is a solid-state joining process that results, if applied correctly, in connections characterised 
by high mechanical performance. The large plastic deformations induced in the weld zone produce dynamically 
recrystallized fine grains (i.e. in the weld nugget), the low heat input limiting local distortions and the magnitude of 
residual stresses. These effects are generally beneficial to the dynamic performance of welds. Alongside these advantages, 
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the process can also be used to join dissimilar metals and alloys that are difficult to be welded metallurgically. There has 
therefore been a substantial take-up of FS welding in structural manufacturing across a wide range of industrial sectors [1] 
including ship building [2], transportation [3], and aircraft [4]. In the case of the aircraft industry both the American 
Welding Society and NASA have recently published technical standards for friction stir welding of aerospace hardware 
fabricated from aluminium alloys [5, 6]. Whilst the fatigue behaviour of aluminium FS welded joints subjected to uniaxial 
cyclic loading has been studied in depth over the last two decades (see, for instance, Ref. [7] and references reported 
therein), examination of the state of the art suggests that no systematic theoretical/experimental work has been carried out 
so far in order to formalise and validate specific criteria suitable for performing the multiaxial fatigue assessment of this 
type of welded connections. In this complex scenario, this paper summarises a part of a large programme of work on the 
issue of multiaxial fatigue design for FW welded tubular structures. 
 
  
 
Figure 1: Schematic of the tube welding system and final setup on the MTS I-STIRTM platform. 
 
  
Figure 2: Retractable tool shoulder (10mm) and pin. 
  
Figure 3: Al 6082-T6 FS welded tubular specimen.
 
 
PIPE WELDING SYSTEM FOR FSW OF TUBES 
 
riction stir welding of tubes presented particular challenges in terms of pin plunge depth, support for the material 
during welding and arranging tool retraction as not to leave the typical plunge pin hole in the joint line after 
retracting the tool. 
An MTS I-STIR™ Process Development System (PDS) provided the foundation for this work, which involved 
incorporating a Helical SEW Worm Gear Motor with a tube support system for the welding process. This drive system 
control was integrated with that of the I-STIR platform to ensure optimal process control. Fig. 1 shows a schematic of the 
worm gear drive and actual integration into the I-STIR platform. 
An important consideration was the development of a small diameter shoulder retracting tool to match the small diameter 
thin wall tube samples. The retractable pin tool differs from the fixed pin tool in that the pin length can be adjusted during 
welding. This adjustability allows the welder to compensate for variable plate or component thicknesses, ensuring that the 
correct ligament between the tool tip and the backing plate is maintained. In addition, the tool tip can be retracted towards 
the end of the weld thus eliminating the pin exit hole. The elimination of the pin exit hole cannot be realized in all 
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applications as the pin must be retracted over a minimum distance or at a rate that prevents the formation of defects. Fig. 
2 shows the final tool being developed and optimised with a 10 mm shoulder and threaded pin configuration. 
Control of this additional fixture was integrated with that of the I-STIR platform. Via an iterative optimisation process the 
optimum values for the manufacturing process variables were determined. This allowed FS welds of high quality to be 
made in small diameter aluminium tubes. Fig. 3 shows a typical Al 6082-T6 specimen manufactured by using this 
innovative FS welding technology. The FS welded tubular samples used to generate the necessary experimental results had 
outer nominal diameter equal to 38 mm and inner nominal diameter to 31 mm. Both the static and fatigue results were 
determined by testing samples in the as-welded condition. 
This new FS welding technology was developed and optimised at the Nelson Mandela Metropolitan University (NMMU), 
South Africa. 
 
 
 
BR=0, R=-1 
Nf=1664764 cycles to failure 
 
 
BR= 3 , R=-1, =0° 
Nf=369237 cycles to failure 
 
 
BR=1, R=-1, =0° 
Nf=650684 cycles to failure 
 
 
BR= 3 , R=-1, =90° 
Nf=173954 cycles to failure 
 
 
BR=0, R=0 
Nf=1071840 cycles to failure 
 
 
BR= 3 , R=0, =0° 
Nf=501988 cycles to failure 
 
 
BR=1, R=0, =0° 
Nf=857370 cycles to failure 
 
 
BR= 3 , R=0, =90° 
Nf=224230 cycles to failure 
 
Figure 4: Examples of the observed macroscopic cracking behavior under biaxial fatigue loading (BR=nom,a/nom,a, 
R=nom,min/nom,max=nom,min/nom,max, = out-of-phase angle). 
 
 
EXPERIMENTAL DETAILS 
 
ince welded joints’ mechanical properties are a suitable indicator of the overall weld quality, several static tests were 
run by testing the manufactured tubular joints under pure tension as well as under pure torsion. Irrespective of the 
type of applied loading, cracks were seen to initiate at the tip of the undercut resulting from the FS welding process. 
As a further check of the tensile strength, the axial strength was also determined at the University of Plymouth, UK, via 
microtensile quasi-flat specimens tested by using a Gatan Microtest 2000EW device. Such a systematic experimental 
investigation resulted in an average value of the ultimate tensile strength for FS welded Al 6082-T6 equal to 152 MPa, the 
axial static strength of the parent material being equal to 303 MPa. This allowed us to prove that the average efficiency of 
the manufactured welded joints (which is defined as the ratio of weld over parent plate tensile strength) approaches 0.5; 
this value compares well with the figure of 0.49 which is usually reported for FS welds in 3 mm thick plates of 6082-T6 
[8]. The average static strength under torsion was seen to be equal to about 120 MPa. 
The axial tests were performed at the University of Ferrara, Italy, by using an MTS 810 Mod. 318.25 servo-hydraulic axial 
testing machine. The samples were tested under a load ratio (R=nom,min/nom,max) equal to 0.1 as well as equal to -1. 
The fatigue behaviour of the Al 6082-T6 FS welded specimens under biaxial loading was investigated at the University of 
Sheffield, UK, by using a SCHENCK servo-hydraulic axial/torsional testing machine equipped with two MTS hydraulic 
grips. Both the torsional and the biaxial tests were carried out under nominal load ratios equal to -1 and 0. The 
force/moment controlled tests were run under in-phase and 90° out-of-phase constant amplitude sinusoidal load 
histories. The pictures seen in Fig. 4 show some examples of the typical cracking behaviours displayed by the  
Al 6082-T6 FS welded joints tested under biaxial loading. 
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The generated experimental data were post-processed under the hypothesis of a log-normal distribution of the number of 
cycles to failure for each stress level with a confidence level equal to 95% [9]. The results of the statistical reanalysis are 
summarised in Tab. 1 in terms of SN curves. In particular, BR=nom,a/nom,a is the ratio between the amplitudes of the axial 
and torsional nominal stress, R is the nominal load ratio (R=nom,min/nom,max=nom,min/nom,max),  is the out-of-phase 
angle, k is the negative inverse slope, A and A are the amplitudes of the axial and torsional endurance limits extrapolated 
at NA=2106 cycles to failure, and, finally, T is the scatter ratio of the amplitude of the endurance limit for 90% and 10% 
probabilities of survival. To conclude, it is worth observing that the fatigue curves summarised in Tab. 1 are determined in 
terms of nominal stresses referred to the annular section of the parent tube. 
 
BR R  N. of data k A A T [°] [MPa] [MPa] 
 -1 - 9 6.5 33.5 - 1.58 
 0.1 - 10 4.4 18.6 - 1.82 
0 -1 - 11 10.8 - 38.9 1.49 
0 0 - 10 9.5 - 32.9 1.52 
3  -1 0 8 5.3 26.2 15.1 1.54 
1 -1 0 7 5.3 23.1 23.1 2.13 
3  0 0 7 4.2 17.2 9.9 1.74 
1 0 0 7 3.2 12.8 12.8 2.00 
3  -1 90 7 3.7 18.5 10.7 2.25 
3  0 90 7 10.4 23.4 13.5 1.38 
Table 1: Summary of the generated experimental results. 
 
 
FUNDAMENTALS OF THE MODIFIED WÖHLER CURVE METHOD 
 
he MWCM is a critical plane approach which predicts the number of cycles to failure via the maximum shear 
stress amplitude, a, as well as via the mean value, n,m, and the amplitude, n,a, of the stress normal to the critical 
plane. In this setting, the critical plane is defined as that material plane experiencing the maximum shear stress 
amplitude, a [10]. The combined effect of the relevant stress components relative to the critical plane is taken into 
account by means of stress index eff which is defined as follows [11]: 
 
 , ,n m n aeff
a
m   
              (1) 
 
In definition (1), m is the so-called mean stress sensitivity index [10]. This index is a material property ranging in between 
0 and 1 whose value has to be determined by running appropriate experiments [11]. Ratio eff is a stress quantity which is 
sensitive not only to the presence of superimposed static stresses, but also to the degree of non-proportionality of the 
applied loading path [10]. 
The way the MWCM estimates fatigue lifetime under multiaxial fatigue loading is schematically shown via the modified 
Wöhler diagram sketched in Fig. 5. This log-log diagram plots the shear stress amplitude relative to the critical plane, a, 
against the number of cycles to failure, Nf. By performing a systematic investigation based on numerous experimental 
results generated under multiaxial fatigue loading [12-14], it was observed that fatigue damage tends to increase as eff 
increases. This results in the fact that the corresponding fatigue curve tends to shift downward in the modified Wöhler 
diagram with increasing of eff (Fig. 5). 
By taking full advantage of the classic log-log schematisation which is commonly adopted to summarise stress based 
fatigue data, the position and the negative inverse slope of any Modified Wöhler curve can unambiguously be defined via 
the following linear laws [10, 12-14]: 
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  eff effk                   (2) 
 
  Re f eff effa b                 (3) 
 
In relationships (2) and (3), k(eff) is the negative inverse slope, while Ref(eff) is the reference shear stress amplitude 
extrapolated at NA cycles to failure (see Fig. 5). Constants, , a and b are material parameters to be determined 
experimentally. In particular, by recalling that eff is equal to unity under fully-reversed uniaxial fatigue loading and to zero 
under torsional cyclic loading [10], the constants in the MWCM’s calibration functions can directly be calculated as follows 
[10, 14]: 
 
        1 0 0eff eff eff eff effk k k k                      (4) 
 
  ,Re 2AA f eff A eff A                     (5) 
 
 
Figure 5: Modified Wöhler diagram. 
 
In Eq. (4) k(eff=1) and k(eff=0) are the negative inverse slope of the uniaxial and torsional fatigue curve, respectively; in 
Eq. (5) A and A are instead the endurance limits extrapolated at NA cycles to failure under fully-reversed uniaxial and 
torsional fatigue loading, respectively. 
It is worth pointing out here that the reference shear stress, A,Ref(eff), and the negative inverse slope, k(eff), to be used 
to estimate lifetime under multiaxial fatigue loading are assumed to be constant and equal to A,Ref(lim) and to k(lim), 
respectively, for eff values larger than an intrinsic threshold denoted as lim [10, 11]. This correction, which plays a role of 
primary importance in determining the overall accuracy of the MWCM, was introduced to take into account the fact that, 
under large values of ratio eff, the use of the MWCM is seen to results in conservative estimates [15, 16]. According to the 
experimental results due to Kaufman and Topper [17], such a high level of conservatism can be ascribed to the fact that, 
when micro/meso cracks are fully open, an increase of the normal mean stress does not result in a further increase of the 
associated fatigue damage. This important finding is taken into account by the MWCM via lim that represents the upper 
bound for stress ratio eff [10, 16]. 
According to the theoretical framework briefly summarised above, the MWCM can be used to estimate fatigue lifetime by 
following the simple procedure described in what follows. Initially, the maximum shear stress amplitude, a, and the 
effective critical plane stress ratio, eff, have to be determined at the assumed critical location [18, 19]. Subsequently, 
according to the calculated value for eff, the corresponding modified Wöhler curve can directly be estimated from Eqs (4) 
and (5). Finally, the number of cycles to failure under the investigated loading path is predicted via the following trivial 
relationship [10, 14]: 
 
log Nf 
log a 
1 
1 
k(eff=0) 
k(eff=1) 
NA 
A,Ref(eff=0)=A 
A,Ref(eff=1)=A/2 
1 
k(0<eff<1) A,Ref(0<eff<1) 
1 
k(eff>1) 
A,Ref(eff>1) 
Increasing eff 
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( )
, ( )
t effk
A ref eff
f A
a
N N
 

     
           (6) 
 
To conclude, it is worth observing that the MWCM has proven to be highly accurate in performing the multiaxial fatigue 
assessment of conventional welded joints when it is applied not only in terms of nominal [20-22] and hot-spot stresses 
[23, 24], but also along with the reference radius concept [24-27] as well as the Theory of Critical Distances [26-30]. 
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Figure 6: Accuracy of the MWCM in estimating the fatigue lifetime of the tested Al 6082-T6 FS welded joints. 
 
 
VALIDATION BY EXPERIMENTAL DATA 
 
n order to check the accuracy of the MWCM in estimating the fatigue lifetime of the tested FS welded joints, initially 
the calibration constants in Eqs (2) and (3) were determined, according to Eqs (4) and (5), by using the fatigue curves 
generated under fully-reversed uniaxial and torsional fatigue loading (see Tab. 1), i.e.: 
 
   4.3 10.8eff effk                 (7) 
 
  Re 21.2 38.9f eff eff      [MPa]          (8) 
 
As proven by the uniaxial fatigue curves summarised in Tab. 1, the axial fatigue strength of the investigated FS welded 
joints was seen to be sensitive to presence of non-zero mean stresses, this holding true even though the specimens were 
tested in the as-welded condition. As to this aspect, it is interesting to observe that a similar behaviour has been observed 
also in conventional welded joints tested, in the as-welded condition, under uniaxial fatigue loading (see, for instance, Refs 
[31, 32] and references reported therein). According to this experimental evidence, in this initial investigation the mean 
stress sensitivity index, m, was simply taken equal to unity [10]. Further, owing to the fact that the MWCM was aimed to 
be applied in terms of nominal stresses, the limit value for stress ratio eff was set equal to 1.3 (i.e., lim=1.3) [10, 20]. 
After calibrating the MWCM, multiaxial fatigue software Multi-FEAST (www.multi-feast.com) was used to systematically 
post-process all the experimental results that have been generated so far. 
The experimental, Nf, vs. estimated, Nf,e, number of cycles to failure diagram reported in Fig. 6 summarises the overall 
accuracy which was obtained by using the MWCM to predict the lifetime of the FS welded tubular samples being tested. 
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The chart of Fig. 6 makes it evident that the use of the MWCM resulted in estimates falling within the wider scatter band 
between the two characterising the fully-reversed uniaxial and torsional fatigue curve used to calibrate the constants in the 
MWCM’s governing equations. It is possible to conclude by observing that the obtained level of accuracy is certainly 
satisfactory, since, from a statistical point of view, we cannot ask a predictive method to be more accurate than the 
experimental information used to calibrate the method itself. 
 
 
CONCLUSIONS 
 
 The novel FS welding process developed via this project is seen to be capable of producing high quality FS welds in 
aluminium tubular joints. Such an advance in joining technology is anticipated to have high industrial impact. 
 The MWCM applied in terms of nominal stresses is a powerful design tool suitable for performing multiaxial fatigue 
assessment of FS welded connections. 
 More work needs to be done in order to formalise a comprehensive design approach suitable for designing FS 
welded joints against multiaxial fatigue loading by directly post-processing the local linear-elastic stress fields acting 
on the material in the vicinity of the crack initiation locations. 
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